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We report a method to determine the quantum detection efficiency and the absorbing layers on a front-
illuminated charge-coupled device (CCD). The CCD under study, as part of a crystal spectrometer, measures 
intense continuum x-ray emission from a picosecond laser-produced plasma and spectrally resolves the Si K-
edge x-ray absorption fine structure features due to the electrode gate structure of the device. The CCD 
response across the Si K-edge shows a large discontinuity as well as a number of oscillations that are 
identified individually and uniquely from Si, SiO2, and Si3N4 layers. From the spectral analysis of the 
structure and K-edge discontinuity, the active layer thickness and the different absorbing layers thickness can 
be determined precisely. A precise CCD detection model from 0.2 – 10 keV can be deduced from this highly 
sensitive technique. 
 

I. INTRODUCTION 

The quantum detection efficiency (QDE) of charge-coupled 
devices (CCD) to soft x-rays depends critically on the photon 
energy, the device active thickness (epitaxial layer) and the 
surface layers in front-illuminated (FI) or back-illuminated (BI) 
architecture.1,2 The measurement of plasma x-ray emissivity with 
spectroscopic instrumentation requires precise determination of 
the QDE and these absorbing layers in particular. For FI devices, 
the x-rays have to transverse the electrode gate structure 
consisting of absorbing layers of various chemical compositions 
(Si, SiO2, Si3N4) typically about 1 µm thick. For the BI devices, 
the backside of the detector is thinned, substantially reducing the 
effect of the residual dead layer absorption (Si, SiO2) and 
allowing higher detection efficiency useful below 1 keV. In either 
case, there is a very strong effect in the QDE above 1 keV and in 
particular around the Si K-edge at 1.84 keV depending on the 
device architecture.1,3 Precise determination of the absorbing 
layers and corresponding coefficients is therefore important. 
Detailed studies using synchrotron sources have provided a 
precise data set of the photo-absorption coefficients and x-ray 
absorption fine structure (XAFS) over the Si K-edge for known 
thicknesses of Si-composed layers.3,4 CCD detection models have 
been constructed and compared with experimental measurements. 
The detection efficiency of CCDs and other solid-state detectors 
can be determined over different energy ranges using 
monochromatic synchrotron sources3, calibrated hard Kα x-ray 
tubes,5,6 or laser plasma sources producing a soft x-ray continuum 
over the Si L-edge reported for a back-illuminated device.2  

We report another method to determine the QDE and the 
absorbing layers: A CCD-based crystal spectrometer measuring 
intense continuum x-ray emission from a picosecond laser-
produced plasma clearly shows the Si K-edge XAFS features in 
the spectrum due to the gate structure of the FI device. The CCD 
response across the Si K-edge shows a large discontinuity as well 
as a number of oscillations that are distinctly identified as from 
Si, SiO2, and Si3N4 layers. From the analysis of the XAFS and K-

edge discontinuity in the spectrum, the active layer thickness of 
the device is determined precisely. In addition, the different 
absorbing layers thicknesses are determined. The main 
conclusion of this study reports that a precise CCD detection 
model over a wide energy range (0.2 – 10 keV) can be deduced 
by measuring the detector Si K-edge response over a narrow x-
ray energy band centered at 1.84 keV.  

II. EXPERIMENTAL DESCRIPTION 

A flat crystal spectrometer using a Potassium Hydrogen 
Phthalate KAP (100), 2d = 26.632Å, crystal and a CCD detector 
was fielded on the short pulse Jupiter Laser Facility Titan at the 
Lawrence Livermore National Laboratory. The spectrometer was 
used to record spectra of 1.5 – 2.5 keV x-rays from various laser-
produced plasmas of low Z foils and CH-coated, buried layer 
targets as part of a dense plasma study. The instrument was 
operated at shallow Bragg angles in the range of 10 – 17° with 
the spectrometer viewing through the back of the target. The x-
ray path from detector to source distance via the crystal was 
27.3cm. The short pulse laser was incident on the front at 45° to 
target normal with parameters of 20 – 50 J at 527 nm wavelength 
energy on target, 0.7 ps (FWHM) pulse length focused to spot 
sizes varying from 25 – 100 µm (FWHM) diameter. This gave 
laser irradiances on target of between 8 × 1017 W cm-2 to 6 × 1018 
W cm-2. The focal spot size was monitored with an x-ray pinhole 
camera. The CCD used was an EEV 05-30 model consisting of 
an 1152 × 1248 pixel array with each pixel having a 22.5 × 22.5 
µm2 dimension in a miniature, vacuum compatible camera head.7 
The CCD signal was digitized by a low noise 16-bit 50 kHz 
analog to digital convertor (ADC).  A light-tight filter of ~1 µm 
Al was placed in front of the detector.  

II. RESULTS 

A. EXPERIMENTAL SPECTRA 
Figure 1 shows two x-ray spectra of laser-heated 1 µm Al 

foils.  The most intense spectral features are identified as the Al 
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Heβ line at 1869 eV, the Heγ line at 1964 eV and the Lyβ line at 
2048 eV. The lines sit on a strong free-bound continuum. A 
second feature at 1847 eV in the low energy wing of the Al Heβ 
line is observed and is identified as a narrow absorption feature. 
The local x-ray intensity is reduced by ~60% in the dip. This 
absorption line was observed repeatedly in many shots at the 
same photon energy with different target materials and so was 
discounted as a plasma spectral feature. The absorption line was 
identified from the CCD, specifically as XAFS from SiO2 
material present in the electrode gate structure of this particular 
front-illuminated device. Both the type of material and thickness 
in the electrode acts as an absorbing layer reducing the quantum 
detection efficiency. Characterization of these materials would 
give detailed information about the device in use. However, the 
presence of strong emission lines as shown in Fig. 1 masks much 
of the detailed structure associated with the absorbing layers on 
the device. An intense, constant continuum spectrum is required. 

Figure 2 shows the emission spectra from a laser-produced 
plasma ~12 µm thick CH foil target recorded on three separate 
shots. These targets were used to produce an intense continuum 
spectrum free of emission lines in the narrow 100 eV energy 
band centered on the Si K-edge at 1840 eV. A background image 
has been subtracted from the 2-dimensional spectral image, and 
the Al line calibration of Fig. 1 is used to produce the energy 
scale. The x-ray emission intensity varies on each shot and so for 
clarity, the spectrum has been normalized to the peak feature at 
the K-edge. Some noise and variation in the spectra at 1850 to 

1900 eV is due to the presence of hard x-rays and suprathermal 
electrons detected by the CCD in random pixels. Two of the 
spectra are cut off below 1820 eV due to the spectrometer setting. 

The change in the spectrometer linear energy dispersion 
dE/dx in this narrow energy range and shallow Bragg angles is 
small. Secondly, the variation in crystal integrated reflectivity for 
KAP (100) is very small (less than ± 1%) and is effectively flat 
based on measured and calculated values.8,9 The transmission of 
the 1 µm Al filter also varies by ±5% and is at the same level of 
the spectral differences. For these reasons, no further corrections 
were made to the data to correct for spectrometer response. The 
three spectra show remarkably similar features that match closely 
in energy position and intensity. These are the SiO2 XAFS white 
line, clearly reproduced at 1847 eV, and the expected drop across 
the Si K-edge from 1820 to 1860 eV due to x-ray attenuation in 
the gate structure. This drop across the Si K-edge is strongly 
dependent on the total thickness of dead Si on the front of the 
CCD.1,3 The variation in the dioxide white line is due to changes 
in the laser focal spot size from shot to shot and the resultant 
effect on the flat crystal spectrometer resolution. Secondary 
features are also well reproduced including the smaller dip at 
1841 eV due to the polysilicon gate absorption feature3,4 and the 
small peak observed at 1837 eV. The latter is associated with the 
combined effect of absorption in the epitaxial layer and the gate 
structure and will be discussed in the next sections. 

B. QUANTUM DETECTION EFFICIENCY MODEL 

Interpretation of the quantum detection efficiency from 
Figure 2 spectral measurements around the Si K-edge requires 
precise photo-absorption data for the materials in the epitaxial 
layer and the gate structure, specifically polysilicon Si, 
amorphous Si3N4 and amorphous SiO2. The data sets available in 
the literature work well away from the K-edge structure but do 
not have the fine structure detail in the near edge vicinity. 
Measurements by Prigozhin et al.3 and Owens et al.4 using 
calibrated monochromatic x-rays from synchrotron sources have 
mapped out the absorption for known thin layers and sandwiches 
of these materials. The objective of this previous work was to 
better characterize the energy dependence and the strong effect 
on the absorption coefficients near the absorption edges. The 
absorption data was carefully selected, compared and extracted 
from these two works by digitizing the figures and converting to 
photo-absorption coefficients. This is particularly important for 
the dioxide white line feature that is very narrow and the 

 
FIG. 1. Two laser plasma x-ray spectra from an Al foil target 
showing strong He-like and H-like lines recorded with a KAP 
(100) flat crystal spectrometer with a CCD detector. An 
absorption feature associated with the CCD is shown at 1847 eV.  
 

 
FIG. 2. Normalized continuum spectra for three shots from 
laser-heated CH targets. XAFS structure due to CCD 
electrode structure produces identified absorption features. 
 

 
FIG. 3. X-ray absorption of 0.5 µm of polysilicon (black 
line), silicon dioxide (red thick line) and silicon nitride 
(green line with dots) at the Si K-edge. Absorption data 
based on measured results from ref. 3 and 4. (Color online) 
 



dominant feature in Fig. 2. Figure 3 shows the different XAFS 
features in the narrow range of 1820 – 1940 eV for the gate 
electrode materials for 0.5 µm thickness. The absorption clearly 
shows the unique features and chemical shifts in the structure 
between 1830 eV and 1860 eV. Absorption fine structure 
oscillations in the polysilicon continue for several hundred 
electron volts above the Si K-edge. This is important to 
identifying and interpreting the features of Fig. 2 and applying 
the detection efficiency model. The QDE model developed in this 
work utilizes literature photo-absorption coefficients for the 
materials in the gate structure and epitaxial layer far away from 
the Si K-edge, for example,10 and uses the Prigozhin- and Owens-
based data near the Si K-edge in fine energy bins. The model 
assumes area-averaged thicknesses with no detail in the 
geometrical electrode gate structure that in practice varies in 
thickness and materials across the array. The effect of angle of 
incidence of the x-rays relative to normal is included.   

C. DATA FIT AND FINAL QDE CURVE 

Figure 4 shows the QDE model comparison to the 
experimental data. The fit procedure is applied in several stages 
and converges to repeatable values for each layer. Good 
agreement is achieved on all of the spectral features described in 
section II.A. The nitride edge structure sits unresolved between 
the polysilicon and dioxide features but contributes to the 
absorption across the Si K-edge. The edge XAFS features allow 
the average electrode thickness to be determined to 1080 nm with 
each material thickness known to ± 50 nm. The height of the 

peak-spike (at ~1836 eV) as a ratio to the QDE at 1820 eV 
energy is sensitive to the epitaxial layer thickness. For this CCD, 
the detector active region is estimated to be 25 ± 1 µm.  

Figure 5 shows the device QDE from 0.2 to 10 keV based 
on the model fit to the experimental continuum data. This curve 
agrees well with a similar EEV device reported previously with a 
high-resolution crystal spectrometer.11 It can be seen that the 
QDE is highest above 85% at 3.5 keV with overall efficiency 
exceeding 50% over a broad energy range from 1 – 6 keV. The 
dioxide white line drops the efficiency to 20% at the Si K-edge. 
The QDE drops at the energy extremes for harder x-rays due to 
reduced absorption in the epitaxial layer and for energies below 1 
keV due to absorption in the electrode structure. The 
characterization of the silicon, dioxide and nitride content in the 

gate structure allows the fall in the expected efficiency to be 
predicted at lower energies. 

IV. CONCLUSIONS 

The calibration of a CCD detector has been reported using 
the CCD as part of a flat crystal wavelength dispersive 
spectrometer. The instrument measures the spectrum of a laser-
produced continuum x-ray source in a narrow energy range. The 
study of the Si K-edge XAFS in the continuum spectrum due to 
the CCD electrode and epitaxial layer allows the precise 
determination of the type and thickness of absorbing dead layers. 
This leads to the determination of the absolute detector quantum 
efficiency. This simple but effective technique works well for a 
front-illuminated device but could also be applied to back-
thinned devices and other pixelated solid-state detectors. 
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FIG. 4. Detection efficiency model (dashed line) applied to 
continuum spectrum of Fig. 2. Good agreement is found on 
all main observed spectral features. (Color online) 
 

 
FIG. 5. Final quantum detection efficiency model for 0.2 to 
10 keV photon energy range. 
 


